The equal-channel angular pressing (ECAP), as the most famous method of severe plastic deformation, has the potential for upscaling from the laboratory to industrial scale. Thus, it is important to examine the practice-relevant properties of large billets deformed by this process. Mechanical properties and corrosion resistance significantly affect the service life of the structural components. The mechanical properties of Al-6060 alloy after industrial-scale ECAP (the cross-sectional sizes of the billets were 50 × 50 mm 2 ) were analyzed by P. Frint. In the present work, we investigate the effect of one pass of the industrial-scale ECAP on the electrochemical properties of Al-6060 alloy by means of potentiodynamic polarization tests in a 0.1 M NaCl solution. The corroded surfaces were analyzed by means of optical microscopy and scanning-electron microscopy. In order to characterize the homogeneity of the corrosion behavior of the ECAP-processed material, all analyses were taken in different zones perpendicular to the extrusion axis. The results indicate that one pass of ECAP does not deteriorate the electrochemical behavior of Al-6060 alloy.
The equal-channel angular pressing or extrusion (ECAP/E) as a method to produce severe plastic deformation was described in its first version by V. Segal [1] . During the process of deformation, the billet is pressed through a bent channel within a die whose angle is usually equal or very close to 90° (Fig. 1) . Shear induced in the sample by this process results in the grain reduction and fragmentation of the precipitations. The same sample may be pressed repetitively to achieve essentially higher strains in the material, which causes microstructural changes from fine-grained to ultrafine-grained structures.
In recent years, the ECAP procedure has attracted significant attention due to numerous advantages of deformed materials as compared with the traditional coarse-grained materials. For aluminum alloys, the ECAP processes are of particular interest due to their significance for the automotive, aerospace, and building industries, etc. The exceptional mechanical [1] [2] [3] [4] [5] [6] [7] and electrochemical properties are observed [7] [8] [9] [10] [11] [12] [13] for aluminum materials after ECAP deformation.
While the ECAP technique has the potential for upscaling from the laboratory to industrial scale due to the possibility to produce deformation without changing the shape of the material, to the best knowledge of the authors, nothing has been published until now about the corrosion behavior of industrial-scale ECAP-processed materials. Numerous investigations of the corrosion behavior have already been conducted for the laboratoryscale ECAP-processed aluminum alloys (e.g., with the maximum cross section of the billet of 20 × 20 mm 2 ) [7] [8] [9] [10] [11] [12] [13] . In the present work, we analyze the effect of one pass of the industrial-scale ECAP (for the cross section of the billet of 50 × 50 mm 2 ) on the electrochemical properties of Al-6060 alloy. 
Experiments. Materials
We investigated two different states of the conventional precipitation-hardened Al-6060 alloy (0.44 wt.% Si, 0.18 Fe, 0.02 Cu, 0.03 Mn, 0.5 Mg, 0.02 Zn, 0.01 Ti, 0.01 W, balance Al). Two bars (with cross-sectional sizes of 50 × 50 mm 2 ) were subjected to solid-solution treatment at 525°C for 3 h followed by quenching in water.
Then, one of the billets was aged at 170°C for 13 h to get the precipitation heat state (6060 T6 in what follows). The other billet was processed by a single ECAP pass for the reasons explained below. Then the samples from this bar were heat-treated at 170°C for 20 min to get the state of optimal mechanical properties [4, 5] (6060 E1_opt in what follows). The optical micrographs presented in Fig. 2 show the microstructure of the material changed after one ECAP pass. The ECAP was carried out at room temperature at a pressing speed of 20 mm/min with a backpressure of 100 bar. The ECAP die has an internal angle Φ = 90°, which causes an effective strain of about 1.1 [14] . An increase in strength and ductility of the Al-Mg-Si alloy after a single pass of the laboratory-scale ECAP was detected by Hockauf, et al. [4] . This makes the ECAP an attractive process also for industrial applications. The possibility to improve the mechanical properties through a single ECAP pass, however, makes it necessary to perform the analysis of the other practice-relevant properties. In [5, 6] , Frint, et al. have already investigated the mechanical properties of Al-6060 after one pass of the industrial-scale ECAP. It has been established that the optimized combination of ECAP with subsequent heat treatment described in [4] can also be successfully applied to the industrial-scale ECAP in order to get the state of material exhibiting higher strength for almost the same ductility as the common T6-state [5] . The authors managed to optimize the parameters of the process. The strength and hardness of the deformed billet measured from top to bottom have relative deviations of less than 7% and 10%, respectively, as compared with the commercially extruded materials with about 10% [6] . In this connection, it is important to study the electrochemical behavior of the same material after one pass of the industrial-scale ECAP because both the mechanical properties and electrochemical behavior affect the applications of this alloy.
All samples for polarization tests were cut out from the extruded non-ECAPed and ECAPed billets perpendicularly to the direction of extrusion, mechanically ground, and polished.
Experimental Procedure
In oxygen-containing environments, aluminum alloys are spontaneously covered by a natural oxide layer, which prevents corrosion processes. However, in the presence of Cl − ions, this oxide layer is locally destroyed, and we observe the development of pitting corrosion. Therefore, it is important to investigate the electrochemical behavior of aluminum in Cl − -containing media. In order to compare the electrochemical behavior of nonECAPed and ECAPed samples, potentiodynamic polarization tests were performed at room temperature in a 0.1 M NaCl aqueous solution by using a conventional electrochemical cell with three electrodes (reference AgAgCl electrode, saturated KCl electrode, and Pt counter electrode). After immersion in the testing solution for 20 min, the polarization curves were measured up to 10 mA at a sweep rate of 0.5 mV/sec. The corrosion potential (E corr ) and corrosion current density (i corr ) were determined by extrapolation by using the Tafel equation with at least three measurements for each material. The corroded surfaces were analyzed by means of optical microscopy. For the deformed samples, all analyses were taken in different zones (Fig. 1) .
Results

Potentiodynamic Polarization of Al-6060 Alloy.
The mean values and the standard deviation of at least three measurements of the corrosion potential and corrosion current density for the nondeformed bar and for different zones of the deformed bar are given in Fig. 3 . The pitting potential was not found from the potentiodynamic polarization curves due to the unstable increase in the current density. Both the corrosion potential and the corrosion current density are difficult to be identified from the polarization curves due to the fluctuations of current density near the corrosion potential corresponding to the initiation and repassivation of pitting corrosion [12] . The corrosion potential was found under the assumption that it corresponds to the potential for which the curves show a clear spike to lower current densities. The corrosion potential of Al-6060 without ECAP (6060 T6) is -627 ± 18 mV. The corrosion current density is close to 0.4 ± 0.1 μA/cm 2 . The corrosion potential and corrosion current density of the 6060 E1_opt state are almost identical to the corresponding parameters of the 6060 T6 state with a slight tendency to improved electrochemical behavior. Furthermore, it should be emphasized that the polarization curves and the determined electrochemical parameters for different zones (the upper and lower parts of the deformed bar) of the deformed samples are very similar (Fig. 3) . This means that the electrochemical behavior of Al-6060 alloy after one pass of the industrial-scale ECAP is, in general, close to homogeneous. Owing to the scattered values of corrosion potential and corrosion current density, further investigations should be performed to confirm the proposed homogeneity. Surface Observation of the Corroded Al-6060 Alloy. The optical micrographs of non-ECAPed and ECAPed samples after potentiodynamic polarization up to 10 mA (for the ECAPed samples, one example from the upper part) are shown in Fig. 4 . For each state, two representative images were chosen to present the inhomogeneously distributed corrosion signs in agreement with the scattered electrochemical parameters mentioned above. For both states, pitting corrosion is clearly observable. The main alloying elements added to Al-6060 alloy in order to improve its mechanical strength are Mg and Si, which form Mg 2 Si fine hardening precipitates. The electrode potential of the Mg 2 Si precipitates does not differ much from the electrode potential of the aluminum matrix. Thus, they do not play the predominant role in the initiation of pitting corrosion [15, 16] . However, the Fe-, Mn-and Si-rich impurities (2-5 μm) are noble as compared with the matrix and, therefore, act as a microcathode, induce preferred dissolution of the Al matrix close to these precipitates, and make Al-6060 susceptible to localized corrosion, such as pitting corrosion [7, 15, 16] . In Fig. 5 , it is shown that these impurities are the most critical sites for the evolution of pitting corrosion.
The improved corrosion resistance after ECAP deformation caused by the changes in the microstructure of materials, i.e., by the fragmentation of precipitations and grain refinement, was observed by other authors [7] [8] [9] [10] 12] . However, these investigations were carried out for samples processed by means of the laboratory-scale ECAP. As shown in the present work, the electrochemical behavior of Al-6060 is not worsened after the upscaling of ECAP to the industrial scale. This is an important finding in combination with knowing that the mechanical properties are significantly improved even as a result of a single ECAP pass [4] [5] [6] .
The effect of additional ECAP passes on the electrochemical behavior is under investigation. As for the other Al alloys [7] [8] [9] [10] 12] , it is suggested that the phases promoting pitting corrosion (the Fe-containing phases in Al-6060) are reduced and become more homogeneously distributed in the matrix after ECAP processing. The grains are also more refined. This may result in the formation of smaller and fewer pits by anodic polarization. This hypothesis will be proved in our future work.
Deformation not only affects the sizes of grains and precipitations but also the texture of the material undergoes noticeable changes even after a single ECAP pass. It was established that, in numerous Al alloys, the pits propagate by forming tunnels growing in the 〈100〉 directions and bounded by the {100} planes [17] . The role of texture in the variations of the corrosion behavior of Al-6060 alloy caused by the ECAP deformation of large billets will be also investigated in our future research.
CONCLUSIONS
The influence of one pass of the industrial-scale ECAP on the electrochemical properties of Al-6060 alloy is investigated by using potentiodynamic polarization tests in 0.1 M NaCl. The ECAPed material shows no significant changes in the corrosion potential and corrosion current density. Thus, no worsening of the electrochemical corrosion behavior of the Al alloy by means of ECAP can be concluded from the polarizations curves. The corrosion damage correlates with the results of the potentiodynamic polarization tests. It is important to note that the electrochemical behavior is relatively homogeneous throughout the entire cross section of the industrial-scale semi-finished product.
